The results of highly accurate calculations are presented for all twenty-two known bound S(L = 0)−, P (L = 1)−, D(L = 2)− and F (L = 3)−states in the six three-body muonic molecular ions ppµ, pdµ, ptµ, ddµ, dtµ and ttµ. A number of bound state properties of these muonic molecular ions have been determined numerically to high accuracy. The dependence of the total energies of these muonic molecules upon particle masses is considered. We also discuss the current status of muon-catalysis of nuclear fusion reactions.
I. INTRODUCTION
In this study we consider the bound state spectra of the muonic molecular ions ppµ, pdµ, ptµ, ddµ, dtµ and ttµ. In this paper the notations p, d, t designate the nuclei of hydrogen isotopes (protium, deuterium and tritium, respectively), while µ means the negatively charged muon µ − . Our main goal is to determine total energies and other bound state properties in these muonic molecular ions to high enough numerical accuracy to be sufficient for all current and anticipated future experimental needs.
In general, the bound state spectra in the six muonic molecular ions ppµ, pdµ, ptµ, ddµ, dtµ and ttµ can be separated into three different groups [2] on qualitative grounds.
The first group includes the three light muonic molecular ions ppµ, pdµ and ptµ. Each of these systems has two bound states: one S(L = 0)−state and one P (L = 1)−state, where the notation L means the total angular momentum of the three-body system. Neither of these two states is weakly bound. Note that each of these light muonic molecular ions contains at least one protium nucleus. The second group includes the two 'intermediate' muonic It can be shown (see, e.g., [3] ) that the total number of bound states in any muonic molecular ion a + b + µ − is determined by the lightest nucleus in this ion. This explains why only three groups of different bound state spectra can be found in six such ions. Moreover, it follows that there must be a similarity between the energy spectra of the 'protium' muonic molecular ions ppµ, pdµ and ptµ. An analogous similarity can be found in the bound state spectra of the ddµ and dtµ ions. It can be shown that in such 'families' of muonic molecular ions the symmetric ion, e.g., ppµ, always has the maximal binding energy of the three protium ions: ppµ, pdµ and ptµ. By using these similarities between the bound state spectra in each of these 'families', one also finds a number of useful relations for the total and binding energies as well as for other bound state properties of different muonic molecular ions. For instance, let us assume that we know that the excited P −state in the ddµ ion is weakly bound and its binding energy is ≈ -1.9745 eV (see, e.g., [2] ). From the similarity of the bound state spectra of the ddµ and dtµ ions it one predicts that the corresponding excited P −state in the dtµ ion is also weakly bound and its binding energy is above -1.9745 eV , i.e.
-1.9745 eV ≤ ε(dtµ, P * (L = 1)) < 0. This prediction turns out to be correct, as the dtµ ion has a weakly bound excited P −state with the binding energy ≈ -0.660 eV .
Our labels for the bound states in muonic molecular ions are based on atomic LSnotations (see, e.g., [4] ). Note that there is another classification scheme which is still in use for muonic molecular ions and which was originally introduced to classify bound state spectra in adiabatic molecular ions, e.g., in the H + 2 molecular ion [5] . In this scheme each bound state is designated by its rotational J and vibrational ν quantum numbers, i.e., we have the (J, ν)-states. The ground state in any muonic molecular ion is designated as the (0,0)-state, while the excited P −state in this scheme is denoted as the (1,1)-state, etc. Each of these classification schemes has its own advantages and disadvantages in applications to actual systems. Note also that there is a uniform correspondence between the 'atomic' and 'molecular' classification schemes.
II. THE HAMILTONIAN AND WAVE FUNCTIONS
As mentioned above in this study we consider the bound state spectra in the six muonic molecular ions ppµ, pdµ, ptµ, ddµ, dtµ and ttµ. All particles which form such three-body ions are assumed to be point and structureless. Each of these three particles has a finite mass which equals one of the masses m µ , m p , m d and/or m t ; the electric charges are q µ = −1 and q p = q d = q t = +1 (in muon-atomic units, whereh = 1, m µ = 1, e = 1). The Hamiltonian H of the three-body muonic molecular ions is written in the form, e.g., for the a
where
and i = a, b, µ. In muon-atomic units we have
where the two masses m a and m b of nuclei of two hydrogen isotopes must be expressed in terms of the muon mass m µ . In fact, in this study only the muon-atomic units (h = 1, m µ = 1, e = 1) are used. Advantages of these units are discussed in Section IV below.
Our computational goal is to determine exceptionally accurate solutions, i.e., the eigenstates and corresponding wave functions of the non-relativistic Schrödinger equation
, where E < 0 and the non-relativistic Hamiltonian is written in the form of Eq.(2). In actual calculations the wave functions of muonic molecular ions are usually approximated with the use of different variational expansions. In this work we shall consider the exponential variational expansion in relative coordinates r 12 , r 13 , r 23 [6] . Here and everywhere below in this work the notation r ij =| r i − r j |= r ji designates the relative coordinate between particles i and j. In many cases, however, it is very convenient to introduce three new variables u 1 , u 2 , u 3 which are called perimetric coordinates. They are simply related to the three relative coordinates:
(r ik + r ij − r jk ), and therefore, 2, 3 ). The perimetric coordinates are truly independent, and each of them varies from 0 to +∞. This significantly simplifies derivation of the explicit formulas for all matrix elements needed in highly accurate computations of the bound states.
The explicit form of the exponential variational expansion in perimetric/relative coordinates
where C i are the linear (or variational) parameters, α i , β i , γ i , δ i , e i and f i are the non-linear parameters and ı is the imaginary unit.
The functions Y ℓ 1 ,ℓ 2 LM (r 31 , r 32 ) in Eq.(3) are the bipolar harmonics [7] of the two vectors r 31 = r 31 · n 31 and r 32 = r 32 · n 32 . The bipolar harmonics are defined as follows [7] 
are the Clebsch-Gordan coefficients (see, e.g., [7] ) and the vectors n x = x x and n y = y y are the corresponding unit vectors constructed for arbitrary non-zero vectors x and y. Also, in this equation L is the total angular momentum of the three-body system,
MΨ LM . In actual calculations it is possible to use only those bipolar harmonics for which represents states with the unnatural spatial parity χ P = (−1) L+1 . In this work we shall consider only the bound states of natural parity, since only such states exist in real physical
systems. An additional family of polynomial-type functions φ i (r 32 , r 31 , r 21 ) are also used in Eq.(3) to represent the inter-particle correlations at short distances. In general, these simple polynomial functions allow one to increase the overall flexibility of the variational expansion Eq.(3). In our present calculations, however, these additional functions were chosen in the form φ i (r 32 , r 31 , r 21 ) = 1 for i = 1, . . . , N. The operatorP 21 in Eq. (3) is the permutation of the identical particles in symmetric three-body systems, where κ = ±1, otherwise κ = 0.
In this study we assume that κ = χ P = (−1) L for all symmetric muonic molecular ions ppµ, ddµ, ttµ and κ = 0 for all non-symmetric ions pdµ, ptµ, dtµ.
In general, highly accurate computations of bound states in muonic molecular ions are not easy to perform, since there are bound states with different angular momenta L (L = 0, 1, 2 and 3) and some of these states are very weakly bound. Variational expansions used in highly accurate calculations must provide fast convergence rates for each of the bound states, including all weakly bound states. Note that the actual goal of many current calculations of muonic molecular ions is the computation of various bound state properties, rather than the energies. In general, the convergence rate for some of these properties, including many nuclear-nuclear expectation values, e.g., the expectation values which include the nuclear-nuclear delta-function δ ++ (e.g., the δ ++ serious problem for accurate computations of three-body systems is the adiabatic divergence described in [8] . This problem always appears when 'pure atomic' variational expansions are applied to the two-center Coulomb systems and/or to the systems close to them. For our systems this means that the convergence rates observed for the ppµ and pdµ ions are relatively high in comparison to the analogous convergence rates for the dtµ and ttµ ions which are substantially slower.
Nevertheless, variational calculations of bound states in muonic molecular ions are of great interest for predicting the physics of few-body systems as well as in some applications.
In general, the study of bound state spectra in muonic molecular ions has provided us with a large amount of very valuable information and drastically improved our knowledge about the bound state spectra in arbitrary Coulomb three-body systems. Furthermore, all muonic molecular ions are three-body systems with unit charges. The energy spectra in such systems have many significant differences from known atomic spectra. In particular, any Coulomb three-body system with unit charges has a finite number of bound states [9] . The only exception to this rule is the ∞ H + 2 ion which has infinite number of bound states [9] . non-linear parameters in them. All these parameters must carefully be optimized. After such an optimization the short-term booster function provides 11 -15 exact decimal digits for each bound state energy in the considered muonic molecular ions. It appears that the overall accuracy of such short-term wave functions is much better for the protium muonic molecular ions ppµ, pdµ, ptµ than for the heavier ions ttµ and dtµ. At the second stage of our optimization procedure the remaining 3(N − N 0 ) non-linear parameters in the wave function Eq.(3) are chosen quasi-randomly from three different boxes or parallelotops. The total energies and other bound state properties obtained with such trial wave functions depend upon the boundaries of these boxes. In reality the boundaries of these three boxes can be described [6] with the use of 28 non-linear parameters only. The numerical values of these 28 parameters were optimized approximately with the use of N = 800, 1000, 1200 and 1400 basis functions [6] . These values allowed us to determine the approximate limit for each of these 28 parameters as N → ∞ by extrapolation. These limiting values have been used in our final computations.
The two-stage strategy proposed in [2] and described above allows one to obtain very accurate variational wave functions based on the use of exponents in relative and/or perimetric coordinates. In particular, the overall accuracy of our results obtained in this study for all considered muonic molecular ions (see Tables I, II , III and IV below) is significantly higher than the accuracy obtained for these ions in earlier calculations. Moreover, by using this optimization strategy we expect to be able to increase the accuracy in future calculations by a factor of ≈ 10 3 − 10 5 which would be sufficient for all future anticipated theoretical needs.
The described two-stage optimization procedure has been used in this study for all bound S(L = 0)− and P (L = 1)−states in muonic molecular ions, including all excited states. For the bound D(L = 2)−states in heavy muonic molecular ions (ddµ, dtµ and ttµ) we used another approach in which the short-term booster function is not constructed. However, it is clear that our current strategy for optimization of the non-linear parameters in the wave functions of the bound D(L = 2)−states is not optimal. In future studies we want to improve this strategy and produce highly accurate results for all bound D(L = 2)−states in muonic molecular ions.
IV. VARIATIONAL ENERGIES OF MUONIC MOLECULAR IONS
The results of our calculations of different bound states can be found in Tables I -VI where m e designates the electron mass. Note that our highly accurate computations in this study are performed with the use of 84 -104 decimal digits per computer word [12] , [13] , allowing total energies to be determined to an accuracy ≈ 1 · 10 −20 − 1 · 10 −23 m.a.u. A natural and effective way to perform such calculations is to assume that all particle masses and corresponding conversion factors (e.g., the factor Ry below) are exact. Such assumptions are always made in papers on highly accurate computations in few-body systems (see, e.g., [14] and [15] ). The known experimental uncertainties in particle masses and conversion factors are taken into account at the last step of calculations, when the most accurate computations are simply repeated for a few times with the use of different particle masses and conversion factors. Analogously, the lowest order relativistic and QED corrections can be determined as the expectation values of some operators computed with our non-relativistic wave functions. To avoid a substantial loss of numerical accuracy during such computations these non-relativistic wave functions must be extremely accurate. Table I contains the total variational energies obtained for the ground S(L = 0)−states of the non-symmetric muonic molecular ions pdµ, ptµ and dtµ. Table II includes Note also that the total energies of the P (L = 1)−states of the non-symmetric muonic molecular ions pdµ, ptµ and dtµ and excited P * (L = 1)−states of the ddµ, ttµ and dtµ ions have recently been determined in [16] . The most accurate variational energies for all known 22 bound states in the set of six muonic molecular ions studied here (expressed in muonatomic units) can be found in Table VI . Note that the F (L = 3)−state of the ttµ ion has not been re-calculated in this study, but instead it has been taken from our earlier work [2] , where this state was computed with the use of quadruple precision.
As follows from Tables I -VI the total energies obtained in this study for different bound states in six muonic molecular ions are significantly more accurate than the corresponding energies computed in earlier studies (see, e.g., [2] , [14] and [15] ). The current wave functions are more compact and have better overall quality than wave functions obtained in [2] , [14] and [15] . They can be used for highly accurate computations of other bound state properties, including properties which contain singular expectation values.
Our variational wave functions can be used to compute some bound state properties of muonic molecular ions. A large number of bound state properties have been computed in our earlier studies (see, e.g., [6] and references therein). However, some of the bound state properties could not be determined to high numerical accuracy, due to relatively low accuracy of the wave functions used in earlier studies. It was clear that the expectation values of some nuclear-nuclear properties, e.g., all properties which include the nuclearnuclear delta-function, needed to be re-calculated with more accurate wave functions. By using highly accurate wave functions obtained in this work we have performed numerical re-calculation of a number of bound state properties for different muonic molecular ions.
The computed expectation values can be found in Tables VII and VIII. Results presented in Table VII 
V. MASS DEPENDENCE OF THE TOTAL ENERGIES FOR MUONIC MOLEC-ULAR IONS
Let us consider the problem of mass dependence for the total energies of muonic molecular ions. Briefly, this problem is formulated as follows. The Hamiltonian H of any muonic molecular ion, Eq.(1), contains three different masses m a , m b , m µ . These particle masses are the subject of constant experimental revision. Furthermore, various authors often use slightly different particle masses in their calculations. For highly accurate computations this means the almost constant necessity of re-calculation of the energies and corresponding wave functions. In fact, all masses of particles which form muonic molecular ions are currently known to relatively high experimental accuracy, i.e. all possible 'mass-corrections' must be very small. This means that such corrections can be considered by using various methods of perturbation theory. Nevertheless, it is very interesting in some cases to evaluate corrections produced by the corresponding 'mass shift'. The most important bound state property is the total energy E. The first order variation of E with the particle masses is written in the form
in the case of the dtµ ion. In Eq. (6) and Eq. (7) below all energies must be expressed in the same units, e.g., in atomic units or in muon-atomic units reduced to the same muon mass. The same formula can be written for any non-symmetric muonic molecular ion. In such cases we always have α ≥ β, if the coefficient α corresponds to the mass shift produced by the heaviest nucleus. For symmetric muonic molecular ions, e.g., for the ddµ ion, the analogous formula is
In these equations the notation 'our' denotes the mass value used in this study, while the notation 'new' designates a different mass value, e.g. from some work performed in the future. In general, the numerical values of the coefficients α and β in Eq.(6) (also called the mass gradients) are determined from separate energy calculations with different masses. In our earlier works we have used a very simple approach based on four additional calculations with different masses for non-symmetric muonic molecular ions [17] . For symmetric muonic molecular ions one has to perform at least two additional calculations with the two different mass ratios. This method is simple, but it is not very accurate.
Recently, we have developed a more accurate procedure. To describe this procedure let us consider the ground P (L = 1)−state in the ddµ ion. The mass ratio
is designated below as x 0 , while the notation h stands for the difference
used in Eq. (7). In these notations the total energies E our and E new are E our = E(x 0 ) and Eq. (7) can now be computed with the use of the formula
where A is a numerical parameter of order of unity. It can be shown that this parameter equals the fifth order derivative of the total energy E with respect to the mass ratio The results of numerical calculations of the mass gradients α in Eq. (8) for the P (L = 1)−states in the symmetric ppµ, ddµ and ttµ muonic molecular ions are presented in Table   IX . Table IX This approach was used in some earlier works, but it produces incorrect results in applications to the bound states which can disappear (as bound states) during variations of some physical parameter, e.g., the mass of the particle. For such states one needs to use an alternative approach described in [18] . In this method the explicit expression for the total energy of the two-body 'almost unbound' system takes the form
where U =h Note that for real muonic molecular ions the total energy of the two-body system ε given in Eq. (9) is, in fact, the binding energy of the three-body ion, e.g., the dtµ ion, which corresponds to the lowest-by-energy decay channel: (dtµ) + = tµ(ground state) + d + . For the dtµ ion the mass m in Eq. (9) is the 'reduced' mass m =
is the 'threshold' mass, i.e. the reduced muonic mass for which the binding energy equals zero.
The results of our calculations for the P * (L = 1)−state in the ddµ ion can be found in Table X . In these calculations we have increased (at each step) the mass of the µ − muon (see above) by one electron mass m e . As follows from Table X Analogous results for the weakly bound P * (L = 1)−state in the dtµ ion can be found in . Therefore, Table XI gives only an approximate picture of how the total and binding energies (in eV) of the P * (L = 1)−state in the dtµ ion vary when the muon mass changes. To study the pre-threshold mass dependence of the weakly bound P * (L = 1)−state in the dtµ ion in detail one also needs to consider changes of the deuterium and tritium masses. Such calculations, however, are very difficult to perform, since they require substantial computer resourses.
VI. MUON STICKING PROBABILITIES
Originally, all numerical computations of bound states in muonic molecular ions were motivated by various problems of muon-catalyzed nuclear fusion. In fact, the bound state computation of muonic molecular ions is only one of many problems which must be solved before we can discuss a possibility to use muon-catalyzed nuclear fusion for energy production and for other purposes. It is clear that the most interesting and promising case is the muon catalysis of the (d, t)−nuclear reaction in the dtµ ion. A central problem here is to determine the muon sticking probability during the nuclear reaction dtµ = 4 He+µ + n since the numerical value of this coefficient essentially determines the feasibility of using muon catalysis of nuclear fusion reactions for energy production purposes. Let us evaluate the muon sticking probabilities for this ion by assuming that the nuclear dt-fusion occurs only in the two S(L = 0)−states (ground and excited), ignoring the possibility of nuclear fusion in the P (L = 1), P * (L = 1) and D(L = 2) bound states of the dtµ ion.
The analytical expression for the muon sticking probability for the bound S(L = 0)−state (initial state is designated with the subscript in; final state by f i) takes the form [6] (see also [19] and [20] )
where n and ℓ are the appropriate principal and angular quantum numbers for the final hydrogen-like ( 4 Heµ) + ion with radial function R nℓ (r). The choice of the factor a in Eq. (10) is discussed below. The j ℓ (Qr) function is the spherical Bessel function (see e.g., [21] ):
The factor Q is
where m n = 1838.683662 m e is the neutron's mass, ∆E is the total energy release during the nuclear (d, t)−reaction and M 4 = 7294.2296m e is the mass of the 4 He nucleus.
In the formulas presented above φ in (a −1 r) is the initial 'post-process' wave function, i.e.
the wave function of the system which arises when the sudden process (i.e. nuclear fusion)
is over. The function φ in (a −1 r) can be found from the bound state wave function Ψ of the initial three-body system. For instance, in the case of nuclear fusion in the S(L = 0)−state of the dtµ muonic molecular ion one finds:
where δ 21 is the nuclear delta-function and C i are the linear variational parameters from Eq.(1). These coefficients have been determined during numerical solution of the Schrödinger equation for the initial three-body system (see Section IV). Note also, that after the 'sudden' nuclear fusion the new 4 He nucleus arises at the same point '2'. This does not change the relative r 32 coordinate which is mass independent. After the nuclear reaction the r 32 coordinate becomes the helium-muonic relative coordinate. In two-body atomic problems, however, it is more convenient to use the mass-weighted coordinate r. The relation between the relative r 32 coordinate and mass-weighted r coordinate (which corresponds to the heliummuonic ion) is written in the form:
where in muon-atomic units m µ = 1 and M 4 is the nuclear mass (in muon-atomic units) of the 4 He nucleus. Finally, the initial wave function φ in (a −1 r) takes the form:
. For the muon and nuclear masses indicated above, one finds that a −1 ( 4 He) = 1.028346555.
The formulas given above allow us to determine the muon sticking probabilities for the ground and excited S(L = 0)-states in the dtµ ion. In these calculations we have used our best variational wave functions, as obtained in this study. After a number of calculations we have evaluated the total muon sticking probabilities P s for the ground and excited S(L = 0)-states in the dtµ ion. These two numerical values are close to each other. In fact, we have found that each of these two values (P s ) is bounded in the interval 0.008923(3) ≤ P s ≤ 0.008938(3) (for both bound S−states). This means that the total number of dt−nuclear reactions catalyzed by one µ − muon is κ = P −1 s ≈ 112. This means that before its decay one µ − muon can catalyze up to 112 nuclear reactions of dt−fusion. This number is used in the next Section to discuss the possibility of exploiting muon catalyzed fusion for energy production purposes.
VII. CURRENT STATUS OF MUON-CATALYZED NUCLEAR FUSION
Our evaluation of the factor κ = P can be ignored and all reactions of the nuclear (d, t)−fusion in the dtµ ion can reasonably to assume to proceed only from the two bound S−states of the dtµ ion. Let P be exact sticking probability of the muon in the dtµ ion. The analogous value P s is the muon sticking probability determined for the same dtµ ion, but only for its bound S(L = 0)−states. As follows from the discussion above we can replace the factor κ = P −1 by the approximate
s . There are also a few other corrections which can change the numerical value of the factor
The largest of such corrections corresponds to the 'muon stripping' during collisions of the fast ( 4 Heµ) + ion with neutral hydrogen molecules. However, even such a correction cannot change the predicted value of κ by 40 % [1] . In other words, the maximal value of κ is ≈ 160 -170. On the other hand, to reach break-even, i.e. to compensate for the energy spent for creation of one µ muon (≈ 8000 MeV [1], [22] ), one muon needs to catalyze at least 2285 nuclear dt−reactions. In this evaluation we have ignored all possible energy losses and assumed 100 % efficiency for each muon. In reality any thermal-to-electrical conversion has only ∼ 30 % efficiency and only ∼ 70 % of all muons can produce the maximal number of fusion reactions. With all these corrections one finds that the factor κ must be ≈ 8,000 -11,000 to reach break-even. Such values are ≈ 65 times larger than the maximal value of κ which has been measured experimentally (κ ≈ 150). If somehow in future experiments the numerical value of κ will be increased up to 500, even then it will be ≈ 20 times smaller the value which is needed to reach break-even. This indicates clearly that muon catalysis of nuclear reactions cannot be used for energy production purposes.
It should be mentioned that originally the idea to use µ − -muons for production of repetitive nuclear reactions between light nuclei of hydrogen isotopes was proposed more than sixty years ago [23] . Based on an obvious chemical analogy these processes were called the muonic catalysis of nuclear reactions. It was confirmed in [24] between the formation of excited P * (L = 1)−states (or (1,1)-states) in the ddµ and dtµ muonic molecular ions and different atomic/molecular processes in surrounding molecules (see, e.g., [26] and references there in). Finally, in a few experimental studies performed by Bystritskii et al (see [27] and [28] contrast with the 'regular' muon-catalyzed fusion observed in [24] .
In experiments performed in 1980's the total number of nuclear reactions catalyzed by one muon (i.e. the numerical value of the factor κ defined above) for the equimolar deuteriumtritium mixture were evaluated a s ≈ 150 (see discussion and references in [1] ). This value is ≈ 15 times smaller than the value which is needed for theoretical break-even and ≈ 65 times smaller than necessary for actual break-even. Therefore, we have to conclude that all discussion of the 'bright future' for applications of the resonance muon-catalized future for the energy production purposes appears to be groundless.
VIII. CONCLUSION
We have considered the problem of highly accurate calculations of bound states in the three-body muonic molecular ions ppµ, pdµ, ptµ, ddµ, dtµ and ttµ. The study of bound state spectra in the muon-molecular ions is of interest for solving some theoretical problems and in a number of applications. In fact, our present knowledge of the bound state spectra in Coulomb three-body systems with unit charges is essentially based on knowledge of the spectra of the muonic molecular ions. Note that all muonic molecular ions can easily be created in real experiments and their various properties can be measured quite accurately.
From a certain point of view, theoretical and experimental study of these ions is more interesting and informative than the traditional analysis of atomic three-body (i.e. twoelectron) systems.
The results of variational computations of the total energies for various bound states in the various muonic molecular ions are presented in Tables I -VI. Table VI years ago [29] , [30] , [31] , [32] . In these works only S(L = 0)− and P (L = 1)−states of muonic molecular ions were considered. It is interesting to note that at that time the nonvariational calculations (see, e.g., [33] and references therein) of muonic molecular ions had a comparable overall accuracy for many bound S(L = 0)− and P (L = 1)−states in muonic molecular ions. In addition to this, the non-variational methods allow one to determine the total energies of the bound D(L = 2)− and F (L = 3)−states in muonic molecular ions [33] .
Our first variational calculations of muonic molecular ions started 25 years ago [34] .
In particular, the first successful variational computations of the weakly bound P * (L = 1)−states in the ddµ and dtµ ions were performed in our work [34] and also in [35] . However, at that time we could not compute the bound D− and F −states in the ddµ, dtµ and ttµ ions. were conducted 15 years later [2] . The bound D−state in the dtµ ion was also calculated (variationally) by Kamimura in 1988 [37] .
By using our highly accurate wave functions we have determined the expectation values of some bound state properties of muonic molecular ions. We also discuss the problem of mass shifts in muonic molecular ions, including the case of weakly bound states. A separate (but very important) problem is to evaluate the muon sticking probabilities for the S(L = 0)−states in the dtµ ion. By using these probabilities we estimated the total number of the reactions of (d, t)−fusion which can be catalized by one µ − muon in a liquid equimolar D 2 :T 2 mixture. The current status of the 'resonance' muon-catalyzed nuclear fusion is briefly discussed. It is shown that this process cannot be used for energy production purposes. . (a) The best variational energies known from earlier calculations. (a) The best variational energies known from earlier calculations. (2) . (a) The exact value.
y is a non-negative real number. All energies have been recalculated to muon-atomic units wherē h = 1, e = 1 and m µ = 206.768262m e = 1. The binding energies ε are given in electronoVolts (eV).
N is the total number of basis functions used in variational expansion. 
